Introduction And Background
Malignant glioma, the most common type of brain cancer, is a highly aggressive glial cell cancer that is subdivided into anaplastic glioma and glioblastoma, which is the more common of the two types [1] . Treatment for malignant glioma consists of resection surgery followed by adjuvant radiation and chemotherapy-usually in the form of temozolomide [1] . In order to assure the best possible outcome for patients, neurosurgeons strive to completely remove tumors while minimizing removal of healthy tissue; however, this process is complicated by the invasive nature of gliomas and the presence of vital brain tissue. Patients whose tumors are incompletely resected have poor prognoses compared to those whose tumors are completely removed. Therefore, delineation of tumor margins is imperative for the survival of patients. In standard surgery performed under white light, only 13-20% of glioma resections successfully remove the entire tumor [2] . This rate illustrates that neurosurgeons frequently have difficulty discerning between healthy and malignant tissue during surgery. In order to rectify this predicament, numerous tactics, especially those utilizing fluorescent markers, are being introduced to aid neurosurgeons in identifying tumor margins more efficiently intraoperatively. Before glioma resection surgery, preoperative images are taken by CT and MRI to guide the surgery; however, these images are obscured by brain shift-a phenomena that shifts regions of the brain slightly due to intraoperative events, such as tissue removal, brain swelling, and cerebrospinal fluid drainage. Due to the dynamic nature of brain tissue during surgery, various methods have been used to either recalibrate images of the brain during procedures or emphasize the tumor tissue intraoperatively. One way to counteract brain shift is through intraoperative imaging, especially by utilizing MRI and ultrasound images. Unfortunately, MRI is expensive and time consuming relative to the surgery [2] [3] . Utilizing ultrasound imaging during surgery is cheaper, but one must be exceptionally skilled in ultrasound technique to obtain robust images during surgery, and the instruments can interfere greatly with surgery [3] . In order to aid neurosurgeons to delineate tumor margins in real-time surgery, fluorescence-guided surgery, especially by 5-aminolevulinic acid (5-ALA)-induced fluorescence, offers a robust solution to maximizing the efficacy of tumor resection surgery. between malignant and healthy tissue intraoperatively, which increases the likelihood that they can completely remove tumors while maximizing the amount of healthy tissue retained. 5-ALA is a metabolite involved in the heme synthesis pathway that is converted into protoporphyrin IX (PpIX), a highly fluorescent intermediate. When exogenous 5-ALA is administered, tumor cells produce and accumulate PpIX at concentrations that allow them to fluoresce, while most healthy tissue does not build up PpIX to fluorescing levels [4] . The rate-limiting step for heme synthesis is the production of 5-ALA, which is constructed from an ALA synthase-catalyzed reaction between glycine and succinyl-CoA. ALA synthase is subject to feedback inhibition from 5-ALA; therefore, by exogenously administering 5-ALA, one circumvents this rate-limiting stepultimately allowing for an overactivation of the heme synthesis pathway [4] . It is unclear what mechanism dictates the highly specific accumulation of PpIX in tumor tissue. Some speculate that because tumor cells down-regulate the activity of the ferrochelatase enzyme, which converts PpIX into the non-fluorescent heme product, malignant tissue is able to accumulate PpIX when 5-ALA is introduced exogenously, while healthy cells, by efficiently converting excess PpIX into heme, do not [2, 5] . Under normal circumstances, 5-ALA, because it is not significantly lipid soluble, cannot cross the blood-brain barrier [4] . However, when the blood-brain barrier is compromised by tumor angiogenesis, 5-ALA is more permeable to the blood-brain barrier, thus contributing to 5-ALA's ability to target tumor tissue [2, 4] . In a study by Stummer, et al., the authors found that 5-ALA-induced fluorescence is highly correlated to the magnitude of cell proliferation and cellular density [4] . Therefore, because uncontrolled cell growth, which creates high cell density, is a major hallmark of cancer, this attribute could reflect why PpIX accumulates more in malignant tissue after 5-ALA administration. However, regardless of the mechanism involved, PpIX fluorescence from 5-ALA has the capacity to act as a guiding tool in glioma resection surgery due to its accurate ability to emphasize tumor tissue.
Studies on the efficacy of 5-ALA fluorescence-guided surgery show that the procedure significantly increases the likelihood that neurosurgeons will be able to remove as much tumor as possible. In order to evaluate 5-ALA as a viable tool to improve malignant glioma resections, a Phase III randomized clinical trial was conducted in Germany at 15 neurosurgical centers on 322 patients. In this study, patients underwent 5-ALA-induced fluorescence-guided surgery followed by adjuvant radiotherapy or the control protocol, which was radiotherapy after white light neurosurgery [2] . The study concluded that 5-ALA administration significantly increased neurosurgeons' ability to completely remove tumors (total resection in 65% of patients in the 5-ALA arm compared to 36% of patients in the white light arm) and improved progression-free survival after six months (progression-free survival after six months was 41% in the 5-ALA arm compared to 21.1% in the white light arm). These results clearly illustrate that utilizing 5-ALA for fluorescence-guided surgery is a robust method of neurosurgical resection surgery for malignant glioma [2] . Ultimately, these positive results have led the European Union to implement 5-ALA administration in regimens for malignant glioma resection. Unlike Europe and Asia, 5-ALA has yet to be approved to aid malignant glioma neurosurgeries in the U.S. Studies have indicated that 5-ALA's ability to induce fluorescence in tumor tissue works exceedingly well in aggressive, high-grade gliomas, but 5-ALA does not identify low-grade glioma tumors adequately. In a study conducted on 59 patients with diffusely infiltrating gliomas who underwent 5-ALA fluorescence-guided surgery, 91% of the patients with low-grade gliomas (WHO Grade II) did not have fluorescence induced in their tumors [6] . On the other hand, in another study on patients with high-grade gliomas (WHO Grade III & IV) that underwent 5-ALAguided resection surgery, 100% of patients had at least 90% of the tumor removed and 93% of patients studied had 98-100% of their tumor removed [7] . It is evident that 5-ALA can be an extremely useful tool in resection surgeries involving high-grade gliomas, but due to its poor ability to induce fluorescence in Grade II gliomas, 5-ALA is not a viable option for guiding lowgrade glioma resections. Overall, 5-ALA-induced fluorescence offers a safe, effective method of differentiating between malignant and healthy tissue during glioma resection surgery, especially for aggressive high-grade gliomas. It is apparent that 5-ALA fluorescence-guided surgery has demonstrated great success for resection surgery of malignant glioma, especially for more aggressive, high-grade gliomas.
Besides its obvious ability to delineate tumor margins during glioma resection surgery, 5-ALA's ability to induce fluorescence in tumors is capable of contributing to cancer therapy in numerous ways. Research on the benefits of using 5-ALA-induced accumulation of PpIX in tumors for photodynamic therapy and photodiagnosis have shown promising results in both fields [8] [9] . Besides photodynamic therapy and photodiagnosis, 5-ALA-induced fluorescence can improve the accuracy of biopsies. Before an oncologist can decide the most appropriate method to treat malignant glioma patients, especially concerning immediate postoperative therapy, they must evaluate the histology of the tumor tissue. For low-grade glioma treatment, complete resection surgery is the sole therapy until tumorigenesis progresses [6] . On the other hand, for high-grade gliomas, postoperative radiochemotherapy must immediately follow resection surgery [6] . Therefore, it is imperative that robust biopsies are taken in order to appropriately treat patients. Research suggests that utilizing 5-ALA-induced fluorescence to guide biopsies yields more accurate biopsies with samples taken during surgery and with frameless MRI stereotactic biopsies [6, 10] . Not only can PpIX fluorescence be utilized for resections and biopsies, 5-ALA has the capacity to guide resection surgeries of recurrent malignant gliomas. A Phase II, multicenter, prospective, single-arm, uncontrolled study conducted on 36 patients to evaluate the viability of 5-ALA for fluorescence-guided surgery on recurrent glioma showed promising results. After resection surgery, biopsies of non-fluorescing and fluorescing areas were taken to evaluate the accuracy of 5-ALA to identify healthy and malignant tissue. The positive predictive value (PPV), which indicates the frequency of correctly identified tumors, of the samples displayed a 96.6% PPV [2] . Thus, these results indicate that 5-ALA fluorescence-guided surgery accurately resects recurrent glioma tumors. Due to this procedure's Phase II status, however, it must still undergo significant research before it can be implemented into contemporary surgical regimens. On the other hand, 5-ALA fluorescence-guided surgery for recurrent malignant glioma has been approved in Europe, the Middle East, and Africa (EMEA). It is apparent that 5-ALA is beneficial for recurrent resection surgery of malignant glioma tumors. Overall, besides its ability to improve the efficacy of gliomal resection surgery, 5-ALA, due to its ability to induce fluorescence in tumor tissue, is capable of improving malignant gliomal therapy in a myriad of ways.
The usual procedure of utilizing 5-ALA for resection surgery consists of administering 20 mg/kg body weight of 5-ALA orally to patients two to four hours prior to the procedure [4] [5] 10] . Preclinical data suggests that 5-ALA-induced fluorescence can last up to 12 hours and is optimal two to eight hours after it is administered [10] [11] . In order to observe the fluorescence, the region of interest must be illuminated with a blue xenon light (440 nm) to the excite PpIX molecules, allowing them to fluoresce in a red or pink color. Most of the adverse effects-such as progression of hemiparesis, pulmonary thromboembolism, and thrombocytopenia-associated with 5-ALA fluorescence-guided surgery are observed in all glioma resection surgeries. On rare occasions, patients experience nausea, vomiting, and hypotension after 5-ALA administration. Patients have a heightened sensitivity to sunlight exposure for 48 hours after administration of 5-ALA due to the surplus of PpIX in their skin [5] . In addition, prior adjuvant therapy does not influence the ability for 5-ALA to induce fluorescence in tumors. Overall, 5-ALA fluorescenceguided surgery is a safe and easy method for significantly improving neurosurgeons' ability to discern between tumor and healthy tissue intraoperatively.
It is apparent that 5-ALA administration is a successful method of marking tumor tissue during surgery; unfortunately, the procedure has its shortcomings. For an unknown reason, a small number of tumors do not fluoresce when 5-ALA is administered [2] . Due to heterogeneous tumor cell populations, some portions of malignant tissue fluoresce more than others, which makes discerning between cancerous and healthy tissue more difficult [2] . Also, 5-ALA-induced fluorescence works most efficiently on more aggressive high-grade gliomas. Because xenon lights are necessary to excite PpIX, issues pertaining to lighting setup, such as shading and distance from light to tumor, and the age of the light could obscure neurosurgeons' ability to evaluate tissue. Unfortunately, PpIX fluorescence is also prone to photobleaching, which degrades PpIX due to prolonged exposure to excitation light. In addition, xenon lights are only capable of penetrating to a depth of 1 mm; therefore, small amounts of blood could easily block a tumor tissue getting excited [2] . Although 5-ALA-induced fluorescence-guided surgery is a robust system for accurately resecting tumors, it does possess pitfalls.
Besides 5-ALA-induced fluorescence, which is an exogenously induced fluorescence procedure, other methods (endogenous autofluorescence and exogenous contrast agents) are capable of using fluorescence to emphasize tumor tissue in real-time surgery [8] . Endogenous autofluorescence, a technique that utilizes UV and blue light excitation to emphasize tumor tissue, can also be exploited for tumor resection surgery. After exciting tumor tissue, the emission spectra are visualized in the blue-green spectra. The fluorescent signals are derived from collagen, NADH, and FADH for unknown reasons [8] . By utilizing endogenous fluorescence signals, medical shortcomings, such as allergic reactions, are avoided. Because it is not necessary to introduce an exogenous fluorescent agent, procedures using endogenous fluorescence require little effort. Due to the lack of a contrasting agent, the ability to delineate tumor margins could be obscured by the lack of tumor background contrast. Unfortunately, the synergy of blood absorption, light scatter, and tissue layers obscure the neurosurgeon's ability to interpret the spectra intraoperatively [8] . Also, this method requires that the data, which takes up to 30 seconds to acquire, be analyzed postoperatively [8] . The pilot studies have shown promising results for autofluorescence [8, 12] . In a study on 24 brain tumor patients, the researchers used autofluorescence combined with diffuse-reflectance spectroscopy to differentiate between tumor and healthy tissue, and they found that this method yielded 100% sensitivity and 76% specificity [12] . These results suggest that autofluorescence can be a potential tool in fluorescence-guided surgery due to its accurate ability to identify tumor tissue; however, due to the relatively low specificity observed, this method could potentially influence neurosurgeons to resect ample healthy tissue. The efficacy of endogenous fluorescence-guided surgery must be studied further in order to implement the technique into neurosurgical regimen because it is still in the pilot study phase of research.
Besides endogenous autofluorescence and exogenously induced fluorescent techniques for fluorescence-guided surgery, neurosurgeons can utilize exogenous contrast agents to identify tumor tissue through fluorescence in real-time surgery. Fluorescein sodium, a small organic molecule that fluoresces a yellow-green color in white light, is an exogenous contrast agent that was first introduced in tumor resection surgery in 1948. It has been used extensively for the past couple of decades for brain tumor identification during open biopsies and retinal angiography [8, 13] . Similarly to 5-ALA, fluorescein sodium can target malignant tissue because it is permeable to regions of the brain where the blood-brain barrier is distorted from tumor angiogenesis. Because fluorescein sodium administration allows brain tumors to fluoresce in white light, resection surgeries can proceed in dim light devoid of extra surgical equipment. Unfortunately, fluorescein sodium administration can have adverse side effects, especially if it is rapidly administered or given at high concentrations [8] . Additionally, neurosurgeons can utilize intraoperative confocal endomicroscopes with fluorescein sodium, 5-ALA, and indocyanine green to enhance the fluorescent intensity, which improves one's ability to delineate tumor margins. In a Phase II prospective study on the efficacy of fluorescein sodium in conjunction with a surgical microscope fitted with filters to emphasize fluorescing tissue for fluorescence-guided surgery on 20 glioma patients, 80% of patients had their tumors completely removed, and six month progression-free survival was 71.4% [13] . Thirty-six biopsies of fluorescing and non-fluorescing samples (18 samples for each group) taken at tumor margins were evaluated by immunohistochemical analysis and reflected robust results (94% sensitivity and 89.5% specificity). In order to use indocyanine green as a fluorescing agent, neurosurgeons must use endoscopes, microscopes, or other imaging techniques that are tailored to view near-infrared fluorescence. Also, PpIX fluorescence from 5-ALA can be detected in individual cells using a confocal endomicroscope, which allow tumor margins to be identified more easily; however, photobleaching occurs quickly (36% with 25 minutes of excitement) [3] . Overall, using fluorescein sodium, especially in conjunction with endomicroscopes equipped with the appropriate filters, to guide glioma resection surgeries could offer a robust strategy to maximize the amount of tumor tissue removed; however, Phase III clinical trials must be conducted to appropriately evaluate the viability of using this technique.
Besides fluorescein sodium, exploiting indocyanine green, a small water-soluble organic compound with a near-infrared spectral peak, could offer a promising strategy of providing fluorescence for fluorescence-guided surgery intraoperatively. Near-infrared fluorescence confocal microscopy techniques, such as the exploitation of indocyanine green as a contrast medium, have greater imaging depth than visible-wavelength fluorescence confocal microscopy methods, such as 5-ALA and fluorescein sodium methods [14] . Because of this, indocyanine green potentially can be very useful for accurately identifying tumor margins. In order to exploit indocyanine green's ability to emphasize tumor margins and tumor tissue, a neurosurgeon must utilize a confocal endomicroscope or surgical microscope that is tailored to view near infrared images. Because of its greater imaging depth, near infrared systems can be superior to visible wavelength fluorescent methods for confocal microscopic identification of tumor margins. On one hand, sodium fluorescein is impermeable to cells, provides a fluorescent background immediately, and its fluorescence diminishes as it is exposed to lasers and lights [3] . On the other hand, indocyanine green provides a greater ability to identify malignant margins than fluorescein, is less toxic than fluorescein, is permeable to cells, and continues to fluoresce after prolonged exposure to a near infrared laser, but takes roughly 15 minutes to reach optimal fluorescence [14] . Most importantly, because of fluorescein sodium's ability to analyze tumor cells in brain tissue, near-infrared confocal endomicroscopy allows microhistological information to be evaluated in real-time surgery, which can drastically improve how neurosurgeons proceed with malignant glioma surgery [14] . It is apparent that indocyanine green could potentially have a major impact on fluorescence-guided surgery, but more research must be conducted on the procedure before it can be integrated into standard glioma resection protocol.
Besides their use in a myriad of imaging techniques and drug therapy, nanoparticles can be utilized as exogenous contrast agents for enhancing tumor tissue during neurosurgery. Quantum dots, which are nanoparticles fabricated from semiconducting nanocrystals, can emphasize tumor regions and margins by fluorescence. Despite their ability to offer high contrast between tumor regions and healthy tissue, the controversial and unknown long-term ramifications of quantum dot use discourages neurosurgeons from utilizing it [8] . Other than quantum dots, polyamidoamine dendrimers, which are nanoparticles comprised of branched polymer chains that can be linked to fluorescent dyes, such as rhodamine B, or small organic molecules (methylene blue, Coomassie blue, or indocyanine green), to induce fluorescence in tumor tissue [8] . Polyamidoamine dendrimer use for fluorescence-guided surgery is appealing because this method can reduce the toxicity of some of the molecules, such as indocyanine green, that it is attached to. However, this technology has mainly been utilized for other uses-imaging, targeted delivery, and therapeutic agents-and has yet to be studied extensively for its ability to label tumor tissue during brain surgery. Despite this, it will not be surprising if polyamidoamine dendrimer technology could prove to be successful in identifying brain tumors intraoperatively [8] . Lastly, iron oxide nanoparticles, which are superparamagnetic particles utilized in imaging tumors and cancer therapy, can also provide intraoperative fluorescence of tumors. CLIO-Cy5.5, an iron oxide nanoparticle developed for providing negative contrast for MRI, is capable of marking tumors intraoperatively and can also be utilized for preoperative MR imaging [8] . Because of this, CLIO-Cy5.5 could be utilized both preoperatively and intraoperatively. Also, iron oxide nanoparticles are capable of therapeutically targeting tumors while acting as biological markers [8] . It is evident that nanoparticle technology is capable of acting as an intraoperative fluorescent tumor marker; however, there has not been a significant amount of research on nanoparticles adopting this role and most studies surrounding medical nanoparticle technology have been stressed in other medical fields.
Activatable cell-penetrating peptides (ACPPs) are versatile targeting agents capable of aiding in a myriad of tasks preoperatively, intraoperatively, and postoperatively for tumor resection surgery. ACPPs consist of a region containing a polycationic cell-penetrating peptide linked to a polyanionic peptide, which neutralizes the positive charge, by a cleavable bond [15] . In order for ACPPs to enter their active state and translocate into tumor cells, the bond between the polyanionic peptide and the polycationic peptide, which is coupled to the cargo, must undergo proteolytic cleavage by matrix metalloproteinases (MMP). MMP2 and MMP9, which are proteases overexpressed in several types of cancer, are integral for tumorigenesis due to their ability to degrade extracellular matrices, induce angiogenesis, and promote growth factors [15] . The degree of MMP2 and MMP9 expression is contingent on the magnitude of tumor malignancy (the higher the grade of tumor, the higher expression of these proteins), and the enzymes have highly specific binding sites for substrates, thus making them robust targets for identifying cancer [15] . ACCPs can be conjugated to dendrimers (ACPPDs), which increases the degree of tumor fluorescence and contrast between the background and tumor, thus creating a superior delineation of tumor margins compared to ACPPs. ACPPDs can be conjugated with gadoliniumallowing tumor visualization by MRI before and after surgery. In a preclinical study on the efficacy of resection surgery guided by ACPPDs linked to Cy5, a fluorescent dye, and gadolinium, the authors found that this procedure on mice suffering from melanoma yielded a better prognosis (100% higher eight month progression-free survival and 50% higher overall survival) than mice subjected to white light surgery [15] . The drastic improvement in prognosis is due to a 10-fold increase in ACPPDs in subjects with complete resection compared to the group that underwent white light surgery and the procedure's 93% specificity rate [15] . ACPPs can also aid in evaluating the presence of cancer in lymph nodes during surgery, which is vital to the progression of the procedure. Usually, in order to analyze the presence of cancer in lymph nodes, all lymph nodes in the anatomical vicinity of the primary tumor are surgically removed and pathologically examined in a process called sentinel lymph node (SLN) identification [16] . This strenuous, lengthy procedure is inefficient in providing feedback during surgery. In order to provide quick feedback regarding lymph node metastasis, ACPPs labeled with both Cy5 and Cy7 fluorophores-ratiometric ACPPs (RACPPs)-can rapidly identify cancer-containing lymph nodes intraoperatively. By linking Cy5-the fluorescent donor-to the polycationic peptide and attaching Cy7-the fluorescent acceptor-to the polyanionic domain, Förster resonance energy transfer interactions proceed due to the close proximity of the acceptor and donor when RACPP is in its deactivated, linked state. Separation of the donor from the acceptor, which occurs when MMP2 and MMP9 cleave RACPPs, induces dequenching fluorescence. Therefore, the fluorescence emitted from dequenching, which allows tumors to fluoresce significantly early during the procedure (one to two hours after injection), in conjunction with the accumulation of Cy-5 labeled polycationic domains within tumor cells provides a more prolonged fluorescence with a higher tumor-background contrast compared to nonratiometric ACPPs, which take six and 24 hours for optimal use [16] . In a study conducted comparing the ability of non-ratiometric ACPPDs to RACPPs to detect metastases, RACPP analysis provided higher contrast between tumor tissue and healthy tissue compared to ACPPD contrast, despite the fact that significantly different intensities between tumor and healthy tissue was observed for both groups (p=.02 compared to p=.0007) [16] . It is apparent that one can manipulate ACPPs in numerous ways by linking different types of cargo to ACPP domains to maximize the efficacy of resection surgeries. Overall, ACPPs could potentially have a major impact on resection surgery procedures for numerous types of cancer due to their dynamic nature and versatility.
Conclusions
Clearly, with all the fluorescent agents in our arsenal, radical changes must be implemented to improve glioma resections from standard white light surgery. By using white light surgery, surgeons make the subjective decision of delineating tumor margins. However, by using fluorescent-guided surgery, they will be better equipped to confidently and objectively discern between tumor tissue and healthy tissue. Ultimately, with the various methods of fluorescent-guided surgery available, typical white light resection surgery will eventually become obsolete. Most of the fluorescent agents highlighted in this article have been utilized as biological markers; however, because the majority of agents used for fluorescent-guided surgery are merely in pre-clinical trials, their efficacy lacks significant research to implement them fully into contemporary surgical protocols.
